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filed on September 30, 2002 entitled: METHOD AND APPARATUS FOR STRAIN-STRESS 
SENSORS and SMART SKIN FOR AIRCRAFT AND SPACE VEHICLES. 

BACKGRQUNDOF thf. INVENTION 
1 . Field of the Invention 

Sensors for critical stress diaries in real time and smart skin especially for aircraft and space 
vehicles. 

2. Description of the Related Art 
,5 Conductivity percolation, e.g. ,uasi-phase transition ton, dielectric to conductive state occurs in 
m etal-carbon diamond-like composites of atomic scale in proximity of cerium onUcal meta, 
concentration. 

Electrical properties of near-percolation metal-die.ectric composites are very sensitive to the 
externa, pressure or interna, stress. This makes them highly active for stress/strain sensors. 

20 Advantage of the perco.ation-hased sensors is a potentially bmad range of detecting ^ stress 
suong change of conductivity under stress, and most important* the poss.hd.ty of d,ree, 
detection of the dangerous tensile stress. 

A primary concern in applications for sensor and in experinrenta, research of metal-dielectric 
percolation is a random meta, distribution in dielectric matrix. The soft 
25 polymers, or a,kali-tungs,en bronzes (like NaxW03 ) o, metal-ammonia soluhons (hke NaxNH3 
) [D.Stauffer, A.Coniglio, M.Adam: Adv. Polym. Sci. 44 (1982) 103. 



033957-004 (formerly 21997-300400) 



1 



P.A.Lightsey Phys. Rev. B 8 (1973) 3586. 
G.E.Pike, C.H. Seager Phys. Rev. B 10 (1974) 1421. 

Webman, JJortner, M.H.Cohen, Phys. Rev. B 11 (1975) 2885; B 13 (1976) 713. 

A.L.Efros, B.I.Schklovskiii, Phys. Stat. Sol, B76 (1976) 475.] cannot preserve their elastic 
5 properties over the important range of metal concentration. 

The last problem may be partly resolved in the mechanical mixtures of conducting and non- 
conducting particles [B.Abeles, H.L.Punch, J.LGittleman: Phys. Rev. Lett. 35 (1975) 247. 

N.T.Liang, Y.Shan, S.Y. Wang, Phys. Rev. Lett. 37 (1976) 526.]. 

However in the mechanical mixtures as well as in the common composites like Me-Si02, Me- 
10 A1203 (where Me is Au, Ni or Al) it is difficult to reach an atomic-scale metal distribution 
[B.Abeles, Adv.Phys. 24 (1975) 407]. The heavy alloyed semiconductors like Al-Ge, Pb-Ge, 
AlGe [2L GDeutsher, M.Rappaport and Z.Ovadyahu, Solid State Commun., 28 (1978) 593.], or 
amorphous semiconductors A.L.Efros, B.I.Schklovskiii, Phys. Stat. Sol, B76 (1976) 475.] 
combines both these problems as well as a principle question about applicability of percolate 
1 5 concept to the semiconductors conductivity. 

During a four-decade history of experimental research in metal-dielectric percolation starting 
from the initial works a primary concern was the random metal distribution in dielectric matrix. 
Many different composite structure were under examination, including metal-insulator mixtures, 
soft dielectrics such as polymers, or alkali-tungsten bronzes (like NaxWC-3) or metal-ammonia 
20 solutions (like NaxNH3): 

[V.A.Vissotksky, S.B.Gordon, H.L. Frish, J.M.Hammersley: Phys. Rev. 123, 1566 (1961). 
E.E.Anderson, S.Arajs, A.A.Stelmach, B.L.Tehan, Y.D.Yas: Phys. Lett. A36, 173 (1971). 
S.Kirkpatrik: Rev. Mod. Phys. 45, 574 (1973). 
V.Wildpaner, H.Rauch, K.Binder: J.Phys.Chem. Sol. 34, 925 (1973). 
25 P.G. de Gennes: J. Physique 37, LI (1976). 
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D.Stauffer, A.Coniglio, M.Adam: Adv. Polym. Sci. 44, 103 (1982). 



P.A.Lightsey, Phys. Rev. B 8, 3586 (1973). 
G.E.Pike, C.H. SeagerPhys. Rev. B 10, 1421 (1974). 

Webman, JJortner, M.H.Cohen, Phys. Rev. B 1 1, 2885 (1975); B 13, 713 (1976)]. 

However, no one experimental system is uniform and stable enough to be compared with the 
percolation theory. 

Still, the prior art suggests some applications of percolation phenomena for strain sensors. The 
USA Patent 6276214 (Kimura, et al. August 21, 2001) discloses the Strain sensor functioned 
with conductive particle polymer composites. When conductive particles are dispersed beyond 
the percolation threshold, electric conductive paths are formed between the electrode by chains 
of particles contacting with each other between the electrodes. Elongation of this composite 
results in an increase in the gap distances between conductive particles. This results in the 
increase in the electric resistance of the composites. It is found that strain sensors can be made by 
the use of this nature. Strains of iron frames or iron-concrete are known by the change of electric 
resistance of the sensors which are set on a surface of the place to be monitored. The conductive 
particle-polymer composites are molded or printed and then endowed with electrodes so as to 
form strain sensors. The sensors are installed on surfaces of structural parts such as iron frames. 
Lead wires are connected to the electrodes of the installed sensors. It is necessary to know the 
places where the sensors are installed. Main fields of the application of the present sensors are 
safety monitoring systems for buildings, bridges, tunnels, dams, etc. The sensors are also 
applicable for tanks of chemicals, aircraft, ships and mega-floats. 

USA Patent 6315956 (Foulger, November 13, 2001)discloses the Electrochemical sensors made 
from conductive polymer composite materials. An electrochemical sensor which is tailored for 
sensitivity to specific chemical analytes by selecting proper constituents. The electrochemical 
sensor is comprised of an immiscible polymer blend of at least two polymers in which a 
conductive filler is dispersed in one of the polymers of the blend through a multiple percolation 
approach to compounding. When in the presence of a chemical analyte which is in either a liquid 
or vapor phase, one phase of the dual immiscible polymer blend swells, effecting a decrease in 
the conductivity, or increase in resistivity, of the polymer blend. The electrochemical sensor is 



033957-004 (formerly 21997-300400) 



3 



reversible in that when the chemical analyte evaporates or is removed, the polymer blend returns 
to its original conductivity. With the multiple percolation approach it is possible to make a single 
composite material identifiably sensitive to various chemical analytes by incorporating several 
major phase materials into the immiscible polymer blend, each having an affinity for swelling for 
5 a different analyte. Further, the multiple percolation approach allows sensors to be made at 
extremely low cost. 

The USA Patent 6452564 (Schoen, et al., September 17, 2002) discloses RF surface wave 
attenuating dielectric coatings composed of conducting, high aspect ratio biologically-derived 
particles in a polymer matrix. A coating composite is provided for a platform surface of an 

10 antenna array for, when applied to the platform, affording isolation of radiating and receiving 
antennas of the array. The coating composite includes a plurality of conductively coated elongate 
tubes dispersed in an insulating polymer matrix at a volume loading density approaching that at 
which the composite begins to conduct electrically over macroscopic distances, i.e., close to the 
percolation threshold. The tubes are preferably comprised of microtubules comprised of 

15 biologically-derived, high-aspect rod-shaped particles of microscopic dimensions having an 
electroless plated metal coating thereon. 

However, besides the above described limitation of structural resolution and uniformity, the 
polymer-based conventional composites suffer from various thermal, mechanical and chemical 
impacts, and their applications for sensors, especially in aero-space industry are very limited. 

20 Recently, a new family of stabilized diamond-like carbon materials QUASAM (US Patent 
6,080,470, Dorfman), and DLN, also known under American trademark as Dylyn, (US Patents 
5,352,493, Dorfman et al.; 5,466,431 Dorfman et al.), have been developed. Both QUASAM and 
DLN are of a similar chemical composition Cn [Si 1-mOhm], where typically n=3, m 0.45, and 
sp2: sp3 is in the range of 2:3 to 1:4 depending on growth conditions. While conventional DLC 

25 is an s P 3: s P 2 carbon stabilized by internal stress instead of external pressure, the fine chemical 
stabilization in QUASAM and DLN shifts the carbon-diamond equilibrium, [see Dorfman, in 
Surfaces and Interfaces of Materials, Academic Press, 2001, Ed. by Dr. Nalwa, v.l]. 
Consequently, QUASAM and DLN are silica-stabilized virtually stress-independent carbon 
phases. DLN/Dylyn and QUASAM possess low stress, typically DLN possess stress 0.15 GPa, 

30 and QUASAM 0.05 GPa, i.e. within the limits of characterization errors in many samples, 
long-term thermal stability up to the temperature range 430 and 650°C correspondingly , and 
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short-term thermal stability up to 500°C and 850°C correspondingly. Both materials are 
atomically smooth, pore-free and uniform starting from the first atomic layers. Due to their 
chemical composition comprising of chemically complimentary elements 0, C, and Si, both 
QUASAM and DLN possess nearly universal adhesion to any substrate. 

Many examined Me-Carbon composites of atomic scale preserve their mechanical properties and 
prevent nano-crystals formation over the whole essential range of metal concentration. The 
metals with small atoms (Fe, Ni, Cr) form actually the ideal dielectric-metal percolating systems 
proving the three-dimensional (3-d) percolation theory, while the metals possessing large atomic 
diameter (W, Nb, Hf) display a giant shift of the percolation threshold. 

The whole range of the theoretically possible conductivity in the disordering atomic- 
scale composite with diamondlike matrix is nearly realized in the case of metals forming the 
stable metal-carbon composites of atomic scale up to about 45-50% at. of metallic component, 
such as Cr, Ni, Fe, Co, Mo, W, Nb, Ta, Ti, V, Mn, Re. 

First confirmation of percolation theory in the silica-stabilized diamond like metal-carbon 
15 ASC, as well as founding of a giant shift of percolation threshold in the case of metal with 
relatively large atomic diameter is important as a principal verification of the ASC structure and 
stability. 



10 
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sm A/r at?V nv THF. INVENTION 

The goal of this Patent is a new family of multifunctional smart coatings based on diamond-like 
atomic-scale composite (DL ASC) materials developed over the past decade by ASD, 
Incorporated. The coatings will provide a real-time control of the surface stress distribution and 
potentially dangerous stress diagnostic for the most critical parts of flying vehicles. 

Conductivity percolation, e.g. quasi-phase transition from dielectric to conductive state occurs in 
metal-carbon diamond-like composites of atomic scale in proximity of certain critical metal 
concentration. The whole range of variable conductivity of metal-carbon composites of atomic 
scale (Me-C ASC) covers about 18 order of magnitude, from ~10 14 -10 11 Ohm-cm to 10 Ohm- 
cm of which about 6 to 8 orders in the range of ~10» - 10* Ohm-cm to ~10 2 Ohm-cm occurs m 
a narrow proximity of critical point. Metal concentration defined by the film deposition and 
cannot be changed afterwards. However electrical properties of near-percolation Me-C ASC very 
sensitive to the external pressure or internal stress. For instance, in Me-C ASC with metals 
possessing large atomic diameter, such as {Hf|C}, a giant shift of critical concentration observed 
1 5 due to the internal stress. 

Advantage of the percolation-based sensors is a potentially broad range of detecting stress, 
strong change of conductivity under stress, and most importantly the possibility of direct 
detection of the dangerous tensile stress. 

The present Patent discloses a new family of multifunctional smart coatings based on of 
stabilized diamond-like metal-carbon atomic scale composites (Me-C ASC) diamond-like 
atomic-scale composite (DL ASC) materials. Based on a unique combination of the coating fine 
structure, properties of the coating/substrate interface, mechanical and electrical properties of 
Me-C ASC over the entire important composition range, the disclosed smart coatings would 
integrate various high resolution sensors and interconnections, the sensor would diagnose 
dangerous stress distribution in the coated subject with no distortion in real time, while these 
diamond-like coatings would simultaneously provide environmental protection of the coated 
surface and improve its aerodynamic quality. 

The disclosed sensors and smart skin may be also used in metallic, composite, and glass 
constructions in buildings, bridges, ground vehicles, pipe lines, and various equipment. 
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BRIEF DESCRIPTION OF T HE DRAWINGS 

Figure 1A (prior art) is a schematic model of Metal-Carbon Diamond-Like Atomic-Scale 
composite in a close proximity of percolation threshold; 

Figure IB is a schematic model of Metal-Carbon Diamond-Like Atomic-Scale composite in a 
5 close proximity of percolation threshold under tensile stress; 

Figure 1C is a schematic model of Metal-Carbon Diamond-Like Atomic-Scale composite in a 
close proximity of percolation threshold under compressive stress; 

Figure 2A-C schematically shows shift of the percolation threshold in Me-C ASC under 
compressive and tensile stress; 

10 Figures 3 A-F schematically shows the characteristics of three kinds of stress sensors; 

Figure 4 shows one of possible patterning of the Me-ASC percolation sensors forming a smart 
skin upon the aircraft wing surface; 

Figure 5 shows cross-section of smart skin upon the metallic wing; 

Figure 6 shows a schematic of Me-ASC percolation sensor with capacitor bridges or direct 
1 5 contact sensors allowing diagnostic the exact location of dangerous stress. 

Figure 7A shows the top view of an aircraft wing following the coating process of step 6 in 
Example 2. 

Figure 7B shows a cross section through the coating sandwich and wing of Figure 7A. 

Figure 8A shows the top view of an aircraft wing following the coating process of steps 12 to 14 
20 in Example 2. 

Figure 8B shows a cross section through the coating sandwich and wing of Figure 8 A. 

Figure 9 A shows the top view of an aircraft wing following the laser cutting process of step 15 
in Example 2. 

Figure 9B shows a cross section through the coating sandwich and wing of Figure 9 A. 

7 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S) 



This Patent discloses a smart skin for structure, devices and vehicles, especially aircrafts, 
allowing controlling dangerous strain and stress and high-resolution stress distribution over the 
entire surface or any responsible parts of said technical objects. 
5 Said high resolution smart skin covering the body of the subject under control was not known in 
the prior art, and it was not possible to create such skin by the previous art technique. 

The whole range of variable conductivity of metal-carbon composites of atomic scale (Me-C 
ASC) covers about 18 order of magnitude, from ~10 14 -10 11 Ohm-cm to 10 -4 Ohm-cm, of which 
10 about 6 to 8 orders in the range of ~10 10 - 10 8 Ohm-cm to ~10 2 Ohm-cm occurs in a narrow 
proximity of critical point. Metal concentration defined by the film deposition and cannot be 
changed afterwards. However electrical properties of near-percolation Me-C ASC very sensitive 
to the external pressure or internal stress. 

1 5 Proposed invention became possible due to the following particular features unique combination 
in stabilized diamond-like carbon films and stabilized diamond-like metal-carbon composites of 
atomic-scale. The term "of atomic scale" means materials uniformly disbursed down to the 
single atom level. That is, materials that are free of nanometer composites or phases of 10 to 30 
nanometers or larger. 

20 Atomic-scale conducting metallic network immersed in diamond-like dielectric results with the 
utmost precise and reproducible percolation phenomena. This is the only known solid media 
exactly following the percolation theory. As the results: 

the precise design of percolation sensors is achievable, 
the percolation sensors have the highest sensitivity. 
25 Nearly atomic-scale uniformity over the whole range of conductivity over 18 orders of 
magnitude, including pure dielectric matrix, low metal concentration in stress/strain-sensitive 
composition range in proximity of conductivity percolation, and high metal concentration where 
material exhibits a regular metallic conductivity. 
This allows forming of the sensor patterns with any required resolution; 
30 forming regular conductors and insulator in one integrated smart coating structure; 

creating percolation sensors with very high sensitivity and strong reproducible change of 
conductivity under stress; 
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creating in the same smart coating structure other important electronic elements, such as 
thin films capacitors allowing to control the potential along the percolation sensor line, and 
thus allowing control of the precise stress distribution; 

very high adhesion that is equal or even exceed the tensile strength of many substrate 
5 materials, including metals and alloys commonly used in aerospace industry. 

This feature of said coatings provide a strong correspondence between stress of the substrate 
and smart coatings without any distortion over entire coated surface. They provide a 
combination of high hardness, fracture toughness, and relatively good flexibility sustaining a 
very strong strain of the coated substrate. They have a strong resistance to severe 
10 environment conditions, such as abrasion and/or chemical impact. They also exhibit high 
thermal stability over a broad temperature range. 

In accordance with the present invention: 

15 Figure 1, A (prior art) [see Dorfman, in Surfaces and Interfaces of Materials, Academic Press, 
2001, Ed. by Dr. Nalwa, v.l] is a schematic model of Metal-Carbon Diamond-Like Atomic- 
Scale composite in a close proximity of percolation threshold. Some metallic atoms arranged in 
continuous chains and form a conductive network, while others form randomly distributed 
separated fragment of network or scattered as individual atoms. 

20 

Figure IB is a schematic model of Metal-Carbon Diamond-Like Atomic-Scale composite in a 
close proximity of percolation threshold under tensile stress. Some bridges in metallic network 
are broken, and the chains of metallic atoms separated. 

25 Figure 1C is a schematic model of Metal-Carbon Diamond-Like Atomic-Scale composite in a 
close proximity of percolation threshold under compressive stress. More metallic chains 
connected with conductive bridges, and a denser conductive network formed. 

Figure 2A-C schematically shows shift of the percolation threshold in Me-C ASC under 
30 compressive (Fig 2B) and tensile (Fig 2C) stress. Fig 2A shows the reference position with no 
applied stress. 
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Figure 3A-F schematically shows three kinds of stress sensors. Figs 3A and 3B show a 
conductivity percolation sensor possessing metal concentration in the middle point of percolation 
transition; this sensor is equally sensitive to compressive and tensile stress. Fig 3B and 3C show 
a conductivity percolation sensor possessing metal concentration in pre-percolation vicinity of 
threshold; this sensor is more sensitive to compressive stress. Fig 3F and 3E show a conductivity 
percolation sensor possessing metal concentration in post-percolation vicinity of threshold; this 
sensor is more sensitive to tensile stress. 

Figure 4 shows one of possible patterning of the Me-ASC percolation sensors forming a smart 
skin upon the aircraft wing surface. Me-C ASC films containing metal in vicinity of percolation 
threshold used as strain/stress sensor. Said Me-C ASC deposited as a sensitive smart coatings 
upon the entire structure or upon the pre-defined areas of said structure undergoing to control 
and alarming of dangerous stress, and diagnostic of said dangerous stress distribution. The 
appropriate pattern, such as linear, or snake-like, or spiral, or different conductors formed in said 
coatings, said conductors used as sensitive elements. Said linear pattern allows more precise 
diagnostic of the exact location of said dangerous stress area. Said snake-like pattern provides 
higher sensitivity to the stress oriented cross the lines of the 'snake". Said spiral pattern provides 
high sensitivity independently on the stress distribution orientation. 

Figure 5 shows cross-section of smart skin upon the metallic wing. The metal film (sensitive 
smart coating) may be a coating such as post-percolation Me-C ASC film. The insulating 
dielectric films such as the insulating layer and protective layer, may a coating such as pure 
ASC, deposited prior to or after deposition of said sensitive smart coatings. The change of 
resistance of individual conductor indicates stress and strain of corresponding area under Me-C 
ASC smart coating. The chemical stability and compatibility of these films aids in the reliability 
and adhesion of the films to the structural body surface. This is essential to provide the long life 
and environmental resistance required. Two or three kinds of percolation sensors may be used in 
the same smart skin structure, pre-percolation composition sensors more sensitive to compressive 
stress (see Fig 3C,D), post-percolation composition sensors more sensitive to tensile stress (see 
Fig 3E,F), middle-percolation composition sensors equally sensitive to compressive and tensile 
stress (see Fig 3A,B). Also in accordance with the present invention, a post percolation sensor 
may be formed in the same smart skin to control the temperature and temperature distribution 
along the coated surface. 
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Following are examples of fabrication of the coatings: 



Example 1 : 

1. The electrically conducting subject to be coated with smart skin, such as the aircraft 
wing (as shown on Figure 4,5), cleaned with a standard technique of vacuum industry. 

2. The subject to be coated with smart skin located in vacuum deposition chamber. 

3. Air is pumped out of said deposition chamber up to about 1.0X10 " 5 Torr. 

4. The chamber is filled with argon up to pressure of about 5X10" 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 10 minutes. 

5. Unalloyed stabilized diamond-like carbon 3 micrometer thick dielectric layer deposited 
upon the surface of the structure (Figure 4, 5), such as the aircraft wing using a known from prior 
techniques (US Pat. 5352493, 10/1994; 5718976 2/1995; and 6080470 Jun., 2000). Said 

12 

unalloyed stabilized diamond-like carbon dielectric layer possesses resistivity in an order of 10 
to 10 13 Ohm-cm. 

6. Chromium-alloyed diamond-like Me-C 0.5 to 1.0 micrometer thick conducting stress 
sensing layer (as shown in cross-section on Figure 5) deposited upon the entire surface of said 
unalloyed stabilized diamond-like carbon dielectric layer; said chromium-alloyed diamond-like 
Me-C conducting layer possesses resistivity of about 10 4 ohm-cm. Deposition of said unalloyed 
stabilized diamond-like carbon dielectric layer and said chromium-alloyed diamond-like Me-C 
conducting layer carried out in the same vacuum chamber at the working pressure of about 10" 5 
Torr in one two-step continuous deposition process. 

7. The chamber is filled with air up to atmospheric pressure and opened, the subject 

removed from chamber. 

8. The patterning of sensing pads or zones (as shown in Figure 4) is performed with a 
laser, such as C0 2 laser. The laser cuts through the top sensing layer deposited in Step 6 without 
penetrating the insulating layer. The pads can be of any particular shape, such as isolated ovals, 
circles, squares, rectangles, etc. Or the pads may be extended rectangular sections, with a length 
to width ratio greater than, for example 4:1 (length:width), that run across entire structural 
sections (such as the width or length of a wing). 

9. The subject is masked mechanically with aluminum foil. The sensing pads and zones 
are covered by the mask, but contact areas on the sensing pads are left exposed. 

10. The subject located in vacuum deposition chamber. 

1 1. Air is pumped out of said deposition chamber up to about 1.0X10" 5 Torr. 
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12. The chamber is filled with argon up to pressure of about 5X10' 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 3 minutes. 

13. Chromium-alloyed diamond-like Me-C 0.5 to 1.0 micrometer thick conducting layer 
(as it shown in cross-section on Figure 5) having a resistivity of about 10" 4 Ohm-cm, is 
deposited upon the stress sensing pad areas of step 8. The conducting layers are placed in a local 
area at opposite ends of the sensing pad, so as to create a current flow across the entire area of 
the pad. A stress occurring in the underlying substrate surface beneath a pad would be detected 
by a change of impedance of the pad sensing layer. 

14. The chamber is filled with air up to atmospheric pressure and opened, the subject 

removed from chamber. 

15. The mechanical mask removed. 

16. The patterning of connecting lines (Figure 4) realized with laser, such as C0 2 laser, 
with a known technique. 

17. The subject located in vacuum deposition chamber. 

18. Air is pumped out of said deposition chamber up to about 1.0X10' 5 Torr. 

19. The chamber is filled with argon up to pressure of about 5X10" 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 3 minutes. 

20. The operations 2,3,4,5 repeated, and top dielectric layer deposited as a final 
protective layer of smart skin. Said top dielectric layer is unalloyed stabilized diamond-like 
carbon 2 micrometer thick possesses resistivity in an order of 10 12 to 10 13 Ohm-cm. If more than 
two sensing lines are required for each sensor (as is shown in Figure 6), then prior to depositing 
the dielectric layer in this step, a mask may be used to prevent deposition in localized areas. 
Then a second layer of interconnect (low resistivity chromium-alloyed diamond-like Me-C 0.5 to 
1.0 micrometer thick) may be deposited onto the exposed sensor areas, patterned with another 
laser cutting step, and protected with a top layer dielectric layer. 

21. Operation 7 repeated. 

22. The conducting lines (deposited in step 13) are connected with an electronic sensing 
system using standard technique known from the prior art. 

All the functional layers, including insulating layer, stress sensing layer, conducting (contact) 
layer, and top insulating and protecting layer are formed based on the same stabilized diamond- 
like matrix forming the entire structure of smart skin. In addition, this smart skin provides 
aircraft wing or other object with combined anti-abrasion/anti-corrosion protection and improved 
aerodynamic properties of the surface. 
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Example 2: 

1. The electrically conducting subject to be coated with smart skin, such as the aircraft 
wing (as shown on Figure 4,5), cleaned with a standard technique of vacuum industry. 

2. The subject to be coated with smart skin located in vacuum deposition chamber. 

3. Air is pumped out of said deposition chamber up to about 1.0X10' 5 Torr. 

4. The chamber is filled with argon up to pressure of about 5X1 0' 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 10 minutes. 

5. Unalloyed stabilized diamond-like carbon 3 micrometer thick dielectric layer deposited 
upon the surface of the structure (Figure 4, 5), such as the aircraft wing using a known from prior 
techniques (US Pat. 5352493, 10/1994; 5718976 2/1995; and 6080470 Jun., 2000). Said 
unalloyed stabilized diamond-like carbon dielectric layer possesses resistivity in an order of 10 12 
to 10° Ohm-cm. 

6. Chromium-alloyed diamond-like Me-C 0.5 to 1.0 micrometer thick conducting stress 
sensing layer (as shown in cross-section on Figure 5) deposited upon the entire surface of said 
unalloyed stabilized diamond-like carbon dielectric layer; said chromium-alloyed diamond-like 
Me-C conducting layer possesses resistivity of about 10 4 ohm-cm. Deposition of said unalloyed 
stabilized diamond-like carbon dielectric layer and said chromium-alloyed diamond-like Me-C 
conducting layer carried out in the same vacuum chamber at the working pressure of about 10" 5 
Torr in one two-step continuous deposition process. Figure 7A and 7B show a wing section 
following the coating process of step 6. 

7. The chamber is filled with air up to atmospheric pressure and opened, the subject 

removed from chamber. 

8. The subject is masking mechanically with aluminum foil. Areas where no conductor 
lines are permitted are masked. Areas left exposed would include, for example, zones at the 
opposite ends of a sensor to which an electrical connection is desired. 

9. The subject located in vacuum deposition chamber. 

10. Air is pumped out of said deposition chamber up to about 1.0X10' 5 Torr. 

1 1. The chamber is filled with argon up to pressure of about 5X10' 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 3 minutes. 

12. Chromium-alloyed diamond-like Me-C 1- micrometer thick conducting layer (as it 
shown in cross-section on Figure 5) deposited upon said unalloyed stabilized diamond-like 
carbon dielectric layer; said chromium-alloyed diamond-like Me-C conducting layer possesses 
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resistivity of about 10" 4 Ohm-cm. The conducting layers are placed in a local area at opposite 
ends of the sensing pad, so as to create a current flow across the entire area of the pad. A stress 
occurring in the underlying substrate surface beneath a pad would be detected by a change of 
impedance of the pad sensing layer. 

13. The chamber is filled with air up to atmospheric pressure and opened, the subject 

removed from chamber. 

14. The mechanical mask removed. Figure 8 A show the top view of a wing section 
following the conductor deposition of step 12. Figure 8B shows the cross section of the coating 
sandwich through line B-B. 

15. The patterning of stress-sensitive lines of near percolation highly-resistive conductors 
and non-sensitive low-resistive contacts and connecting lines (Figure 4) realized with laser, such 
as C0 2 laser, with a known technique. The laser cuts through the conductor layer and the top 
sensing layer deposited in steps 6 and 12 without penetrating the insulating layer. An example of 
one pattern is shown in Figure 9A. The laser cut lines delineate and separate adjacent sensor pad 
areas, as well as the matching conductor pad areas at either end of each sensor. 

16. The subject located in vacuum deposition chamber. 

17. Air is pumped out of said deposition chamber up to about 1.0X10" 5 Torr. 

18. The chamber is filled with argon up to pressure of about 5X1 0" 5 Torr, and the surface 
to be coated cleaned in the argon low pressure discharge during about 3 minutes. 

19. The operations 2,3,4,5 repeated, and top dielectric layer deposited as a final 
protective layer of smart skin. Said top dielectric layer is unalloyed stabilized diamond-like 
carbon 2 micrometer thick possesses resistivity in an order of 10 12 to 10 13 Ohm-cm. If more than 
two sensing lines are required for each sensor (as is shown in Figure 6), then prior to depositing 
the dielectric layer in this step, a mask may be used to prevent deposition in localized areas. 
Then a second layer of interconnect (low resistivity chromium-alloyed diamond-like Me-C 0.5 to 
1.0 micrometer thick) may be deposited onto the exposed sensor areas, patterned with another 
laser cutting step, and protected with a top layer dielectric layer. 

20. Operation 7 repeated. 

21. The conducting lines connected with electronic control systems using standard 
technique known from the prior art. 

All the functional layers, including insulating layer, sensitive near-percolation conducting layer, 
regular conducting layer, and top insulating and protecting layer are formed based on the same 
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stabilized diamond-like matrix forming the entire structure of smart skin. In addition, this smart 
skin provides aircraft wing or other object with combined anti-abrasion/anti-corrosion protection 
and improved aerodynamic properties of the surface. 

5 Example 2 is different from Example 1 in that that the patterning of said stress-sensitive lines of 
near percolation high-resistive conductors and non-sensitive low resistive electrodes realized 
with laser in the one-step operation. 

10 Figure 6 shows a schematic of Me-ASC percolation sensor with capacitor bridges allowing 
diagnostic the exact location of dangerous stress. Legend to figure 6: 1 - percolation transition 
sensor; 2 - external resistor; 3 - capacitors or contacts; 4 - stressed area (tensile stress) with 
increased resistivity. A voltage can be applied from Ul to U2 and measured with capacitors or 
contacts at 3. Capacitors can be used if the applied voltage is an AC voltage. A high impedance 

15 DC voltmeter can be used if the potential applied at Ul is a DC potential and item 3 are contacts. 
The pre-defined voltage is applied to both ends of each said conductor, and the resistance of each 
conductor monitored continuously or in accordance with appropriate timing. In addition to or 
instead of said control of said Me-C ASC conductors, with the purpose of precise diagnostic of 
the dangerous stress location, the voltage distribution along each conductor or certain selected 

20 conductors may be measured using standard techniques of the prior art, such as bridging 
capacitor circuits. In this sensor monitoring the current allows detecting the occurrence and an 
approximate location of dangerous stress, and the distributed capacitance or contact sensors 
allow determination of the exact location of dangerous stress area. 

25 The present invention, therefore, is well adopted to carry out the objects and attain the ends and 
advantages mentioned. While preferred embodiments of the present invention have been 
described for the purpose of disclosure, numerous other changes in the details of the material 
structure, composition, graded functionality and device designs can be carried out without 
departing from the spirit of the present invention which is intended to be limited only by the 

30 scope of the appended claims. 
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